Introduction
Modern dynamic random access memories (dRAMs) store information in the form of a charge on a metaloxide-semiconductor (MOS) capacitor. Individual energetic charged particles are already able to deposit sufficient charge in a storage capacitor or bit line to cause the alteration of stored data, producing a single event soft upset. The trend is to put more and more elements onto a single device chip by scaling down the size of the device elements. This results in a decrease in the size of the critical charge, the amount of charge which distinguishes between a stored 0 and a stored 1 . A method of reducing the soft upset rate is to minimize charge collection at nodes through the use of buried barrier layers or by increasing the cell capacitance and hence the critical charge.
Energetic charged particles are omni-present in the form of extremely penetrating cosmic rays and may cause a lower limit to the reliability which can be achieved in a system of integrated circuits. In a low altitude satellite there is also the problem of protons in the radiation belts.
Related to the problem of single event upsets in these devices is the basic question of how charge deposited by energetic particles is collected at various integrated circuit elements or nodes. It Figure 2 shows data on this ratio as a function of refresh rate obtained with the same masking conditions as were used for the data in Fig. 1 
Charge Collection Measurements
Recent developments2-5 in the theory of charge transport have pointed to the existence of a new charge collection process, the funnel effect, with important implications for charge collection by small area device elements. This mechanism produces more complete and faster charge collection than occurs with drift and diffusion. When the ionization track of a charged particle extends through the depletion region into the field-free region below, if the ionization density is of the order of magnitude of or greater than the carrier density of the silicon, the ionization track can be thought of as a conducting plasma wire, which will cause the field lines in the depletion region to be deflected around the track. This results in very rapid collection (less than 1 ns) of the charge produced in the first few microns beyond the depletion depth.
The In the measurements the incident particle flux is defined by a 2.5 micrometer diameter pinhole placed about 2 mm in front of the test structure, which is shown in the inset in Fig. 3 The measured pulse height as a function of oxide thickness is displayed for the three elements of the B structure in Fig. 3 . The element on which charge is being collected is biased at +1 V, while the other two elements are grounded. A bias of +1 V was chosen, since the pulse height was found to be independent of bias voltage in this region. At this voltage the maximum depletion layer thickness attainable, about .5 micrometers, has been reached. The pulse height measurements were made with the pinhole approximately centered on B2, centered on the arm of B3 between B2 and Bl, and centered on Bl. Interpretation of this data in terms of charge collection efficiency requires an understanding of the relation between the charge collected in the device and charge flowing in the external circuit, since the internal charge does not traverse the total potential supplied to the MOS structure.
For this purpose a one-dimensional model of the charge collection process in the structure has been developed. This model is described here for the condition of the Si being in depletion. The model is applicable to the case of the Si being in inversion, but the charge layer at the Si-SiO2 interface must be included.
In this model it is assumed that initially -a sheet consisting of equal numbers of positive and negative charges is produced in the depletion region. Figure 4 At this point the depletion layer thickness is given by:
The change in the charge on the gate electrode, i.e. the charge that has flowed in the external circuit, is given by:
where xdi is the inital depletion layer thickness. The negative charge sheet at the interface disappears by recombination with holes over a time long compared to the time required for it to move to the interface, producing an equal and opposite charge flow in the external circuit.
Since the external current is independent of the initial position of the charge layer, the application to a normally incident ionizing particle, producing electron-hole pairs at all depths in and beyond the depletion depth is straightforward. A more formidable difficulty is that of transforming from sheets of charge to the plasma wire produced by a charged particle.
That obstacle has not been surmounted thus far. However, although the earlier phases of the charge collection process differ from the description used in the model, in the final stage of charge collection the electrons from the ion track will spread out at the interface in agreement with the picture used in this model.
The curves in Fig. 3 The lower portion shows the magnitude of the displacement vector as a function of position.
